The guanidine 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) reacted with the heterocumulenes CO2, CS2, iPr2NCNiPr2, ptolylNCO and ptolylNCS to give three types of products: TBD-CO2 (1) and TBD-ptolylNCS (5), resulting from addition of the cumulene to TBD, TBD(-H)({iPrNH}-C=N{iPr}) (3) and TBD(-H)(ptolylNHCO) (4), resulting from addition of the N-H bond of TBD to the C=N bond of the cumulene, and dithiocarbamate salt [TBDH][TBD(-H)CS2] (2) after transfer of a proton to a second molecule of TBD. Competition reactions indicated that the order of decreasing stability of the compounds is: 4 > 5 > 1 > 2 > 3. DFT calculations showed that the relative stabilities of the products are governed by both the Lewis acidity of the heterocumulene and the Brønsted basicity of the TBD(-H)-cumulene anion, while their distinct structures are determined by the latter, with the most basic site governing the geometry of the final product.
Introduction
The chemical valorization of CO2 as a C1 building block has witnessed significant progresses for the last few years.
[1] In order to efficiently reduce CO2 in economically viable processes, the thermodynamic stability and the kinetic inertness of this molecule have to be overcome. Consequently, an efficient reductive functionalization of CO2 requires catalysts able to synchronize C-O bond cleavage with C-C and C-H bond formation, with a low energy demand. The activation of CO2 mediated by metallic centers from d and f blocks has been widely explored during the last 40 years. [2] In contrast, the exploration of the scope of organocatalysts able to promote CO2 activation is much more recent. Such transformations can involve nucleophilic partners such as N-heterocyclic carbenes (NHCs), Frustrated Lewis Pairs (FLPs), or guanidines. [3] We focused more specifically our recent efforts on the role played by the FLP/CO2 adducts involving guanidines as nucleophiles, such as 1, 5,7-triazabicyclo[4.4 .0]dec-5-ene (TBD, Scheme 1a), in organocatalytic reductive transformations of CO2. [4] We could demonstrate that these adducts were excellent catalysts for the hydroboration of CO2 to the methanol level, using 9-borabicyclo[3.3 .1]nonane (9-BBN) as a reductant (Scheme 1b). [3b] Importantly, it was shown that the involvement of such adducts in the hydroboration process depends on their thermodynamic stability. [5] Scheme 1. a) TBD-CO2 adduct 1 and b) Catalytic hydroboration of CO2 to methoxyborane.
In organic synthesis, heterocumulenes X=C=Y (X, Y = NR, O, S) are narrowly related to the CO2 molecule and exhibit a close reactivity since they similarly feature a sp hybridized carbon atom doubly bound to two more electronegative elements (S, N and/or O) . [6] Analogously to CO2, heterocumulenes can undergo insertion reactions in organometallic complexes, [7] leading in some cases to the cleavage of the C=Y bond.
[8] They can also undergo addition reactions onto main-group cations in Zn-and Libased bio-inspired systems, [9] and they are also widely employed in transannulation and cycloaddition reactions. [10] In order to map out the differences in reactivity and structures between CO2 and the heterocumulenes, we decided to extend the structural analysis of the guanidine-CO2 adducts to representative heterocumulene analogues. Herein, we report the synthesis, structural characterization (by NMR and single-crystal X-ray diffraction) and reactivity of several TBD-heterocumulene adducts, involving carbon disulfide, isocyanate (ptolylNCO), isothiocyanate (ptolylNCS) and diimide (iPr2NCNiPr2) organic derivatives as Lewis acids and TBD as a Lewis base (Scheme 2). Trends in structures and relative stability are established, from experimental and theoretical (DFT) results, based on the different Lewis acidity of the heterocumulenes.
Results and Discussion
Synthesis and Crystal Structures of the Compounds. The TBD-CO2 adduct 1 readily precipitated as an off-white powder upon diffusion of CO2 into a THF solution of TBD under strictly anhydrous conditions (Scheme 2). X-ray diffraction analysis of the colorless crystals obtained by heating a THF suspension of TBD in a CO2 atmosphere revealed the zwitterionic structure of the molecule, composed of the guanidinium-type delocalized cationic system and the carboxylate-type anionic fragment, as described in our preliminary communication. [4] The structure of adduct 1 differs from the product of addition of CO2 to simple amines, which form carbamate salts in the presence of CO2. Crystallization of TBD-CO2 was found afterwards to afford a polymorph of the same molecule 1 (Figure 1 ) which crystallizes in the monoclinic space group P21/c, instead of the orthorhombic P212121 in the former case. These two forms, which are in fact obtained both together in THF and other solvents (benzene, acetonitrile, pyridine and cyclohexane), exhibit quite identical geometrical parameters (Table 1 ). In particular, the mean C1-N distances of the planar C1N1N2N3 units are 1.34(2) and 1.346(16) Å, the average C8-O distances are 1.241(12) and 1.243 (14) Å, the N1-C8 distances are 1.475(3) and 1.480(3) Å, and the O1-C8-O2 angles are 128.7(2) and 128.59(19)° in the monoclinic and orthorhombic crystals, respectively. In both cases, an intramolecular hydrogen bond between the hydrogen atom bound to N2 and the oxygen atom O1 is formed [N2O1 2.530(2) Å, HO1 1.73 Å, N2-HO1 140° in 1]. The molecules in these polymorphic variants are nearly superimposable, the main differences being found in their packing. In both cases, the molecules are arranged in columns parallel to the a axis, but the packing of columns is different in the two forms (Fig. S1 ). Both arrangements are equivalent in terms of packing efficiency, with Kitaigorodski packing index values of 0.745 in the orthorhombic form and 0.750 in the monoclinic form (estimation with PLATON [11] ). is the expected product of the reaction of R2NH and CO2. The crystal structure of 2 is presented in Figure 2 while selected bond lengths and angles are listed inTable 1. The geometry of the R2NCS2 fragment is unexceptional for a dithiocarbamate group, [12] with the average C8-S distance of 1.700(7) Å, the N1-C8 distance of 1.383(3) Å and the S1-C8-S2 angle of 123.57 (9) [13] is linked to the anion by two hydrogen bonds [N4N2 2.799(2) Å, HN2 1.85 Å, N4-HN2 174°; N5S1 3.2014(15) Å, HS1 2.34 Å, N5-HS1 154°]. These bonds may in part induce the torsion of the CS2 group which is almost perpendicular to the mean plane of the CN3 unit of the TBD(-H) fragment, with a dihedral angle of 80.33(9)°. The biguanide TBD(-H)({iPrNH}-C=N{iPr}) (3) was previously synthesized in THF or DMF through the nucleophilic addition of TBD to the N,N'-diisopropylcarbodiimide and was isolated as a viscous oil. [14] We found that colorless crystals of this compound were formed in quantitative yield after 2 days from a 1:1 mixture of the reactants in the absence of solvent (Scheme 2). The crystal structure (Figure 3a) confirms that the molecule can be seen as resulting from the insertion of the N-H bond of TBD into one of the C=N bond of iPrN=C=NiPr. The localized bonding scheme along the biguanide skeleton N2N3C1N1C8N4N5 clearly reflects the major contribution of the canonical form shown in Scheme 2 in particular with the short C1-N2 and C8-N5 distances of 1.2878 (16) and 1.2756(16) Å.
[15] The two mean planes defined respectively by the N1C8N4N5 and N1C1N2N3 atoms (rms deviations 0.017 and 0.006 Å, respectively) form a dihedral angle of 80.90 ( It was recently reported that reaction of TBD with benzylisocyanate gave the urea TBD(-H)(PhCH2NHCO) as a pale yellow oil while the zwitterionic adduct MeTBD-RNCO, featuring a guanidinium and a carbamide ions, was proposed as an intermediate in the synthesis of the urethane linkage of RNHCOOR' from RNCO and R'OH using MeTBD as a catalyst. [16] We found that reactions of TBD with 1 mol equiv. of the alkyl isocyanates and alkyl isothiocyanates RN=C=O and RN=C=S (R = Et, Cy) also afforded viscous oils. The 1 H NMR spectra do not permit to determine the structure of the products, TBD(-H)(RNHCX) or TBD-RNCX (X = O or S). Nevertheless, off-white powders precipitated from THF solutions of TBD and ptolylNCO or ptolylNCS in the 1:1 molar ratio and crystallization from benzene afforded colorless crystals. X-ray diffraction analysis revealed the quite distinct structures of the compounds: TBD(-H)(RNHCO) (4) and TBD-RNCS (R = ptolyl) (5) (Figure 4 and Figure 5 ) which markedly differ in their geometrical parameters (Table 1 ). The former compound results from the insertion of the N-H bond of TBD into one of the C=N double bond of the isocyanate, as it was proposed for TBD(-H)(PhCH2NHCO). It is best represented by the canonical form shown in Scheme 2, with the long C1-N1 and short C1-N2 distances of 1.4137(17) and 1.2929(18) Å. Replacement of ptolylNCO with pCF3C6H5NCO in its reaction with TBD gave crystals of a benzene solvate of the analogous urea TBD(-H)(pCF3C6H5NHCO) (6) which exhibits quite identical metrical parameters ( Table 2) , showing that the presence of the electron-withdrawing CF3 group has no influence on the structure of the product (Fig. S2) . The adduct TBDptolylNCS adopts, like TBD-CO2, a zwitterionic structure represented in Scheme 2. The average C1-N distance of the guanidinium fragment is equal to 1.35(3) Å while the geometry of the ptolylNCS unit is similar to that found in isothiocyanate molecules coordinated to transition metals. [8b, 17] For example, the C8-S1 and C8-N4 distances of 1.7004 (17) 
[8b]
These linkages are longer than those measured in linear free isothiocyanates. [18] In both molecules, the N2 and N4 atoms of the TBD and ptolylNCX (X = O, S) fragments are linked by a hydrogen bond, N2 and N4 being the acceptor atoms in 4 and 5, respectively [N4N2 2.5738(16) Å, HN2 1.75 Å, N4-HN2 138° in 4; N2N4 2.517(2) Å, HN4 1.67 Å, N2-HN4 145° in 5]. Table 2 . Selected Bond Lengths (Å) and Angles (°) in the Compounds TBD(-H)( ptolylNHCO), TBD(-H)( pCF3C6H5NHCO) and TBD-ptolylNCS (12) X1-C8-N4 125.15 (12) 125.08 (13) 127.43 (13) Competition Reactions. In order to determine the relative stability of products 1-5, compound 1 was treated with the other cumulenes in competition reactions (Scheme 3). The carbodiimide derivative TBD(-H)({iPrNH}-C=N{iPr}) (3) is obviously the least stable compound in this series since it is the only one involved in an equilibrium with its constituents TBD and iPrN=C=NiPr in THF solution. The TBD-CO2 adduct 1 was inert in the presence of 1 mol equiv of CS2 or iPrN=C=NiPr and accordingly, 1 was formed in quantitative yield from reactions of [TBDH] [TBD(-H)CS2] (2) or TBD(-H)({iPrNH}-C=N{iPr}) (3) with CO2. The same equilibrating mixture of 1 and TBD-ptolylNCS (5) in the molar ratio of 1:2 was obtained by treatment of 1 and 5 with 1 mol equiv of ptolylNCS and CO2, respectively. In contrast, the equimolar mixture of 1 and ptolylNCO was totally converted into TBD(-H)(RNHCO) (4) which was inert under CO2 atmosphere. These reactions indicate that the order of stability is the following:
The order of reactivity of heterocumulenes toward nucleophilic substrates is thought to depend on different parameters (Lewis acidity, Nu-C bond strength, HSAB principle, etc.) and can vary depending on the system under investigation. [6, 19] We were therefore interested to rationalize the observed trend of reactivity and to understand the underlying principles governing both the stability and the geometry of the final TBD-cumulene product using DFT calculations. Theoretical Analysis. From an experimental point of view, it was shown that TBD reacts with different heterocumulenes to yield three types of products (insertion, addition and deprotonation, Scheme 4) and their relative stability was established by competition experiments. Both toluene isocyanate (ptolylNCO) and diisopropyl carbodiimide were found to insert into the N-H bond of TBD, while CO2 and toluene isothiocyanate undergo addition to TBD to form a formal zwitterionic adduct. Within the PBE0/D3/6-31+G* level of theory and using PCM (Polarizable Continuum Model) as implemented in the Gaussian code to account for solvation by THF, the three observed geometry types were reproduced accurately. Addition products TBD-CO2 (1) and TBD-ptolylNCS (5) are characterized by a pronounced cationic charge of +0.72 on the guanidine system (Table 3 , entries 2 and 3), which is stabilized by delocalization of the surrounding nitrogen lone pairs. As a consequence, the three N-C bond lengths are similar (1.325-1.373 Å) and possess a Wiberg bond index of 1.22-1.32. On the other hand, insertion products TBD(-H)({iPrNH}-C=N{iPr}) (3) and TBD(-H)(ptolylNHCO) (4) show a somewhat lower charge of +0.65 and +0.67, respectively, on the central carbon of the guanidine system. The Wiberg C-N bond indexes vary from 1.06 to 1.61 and from 1.05 to 1.57 for 3 and 4, respectively, indicative of a lower degree of delocalization in the guanidine backbone, in agreement with the canonical forms depicted in Scheme 2 (Table 3, Table 3 ). ) [a] qC [b] qC(XCY) [c] Wiberg guanidine [d] Wiberg XCY [e] N1-C(X)Y Length (Å) The relative stability of these adducts was computed and found to be in reasonable agreement with the competition experiments:
TBD(-H)(ptolylNHCO) (4) > TBD-CO2 (1) > TBD-ptolylNCS (5) > [TBDH][TBD(-H)CS2] (2) > TBD(-H)({iPrNH}-C=N{iPr}) (3).
From experiments, the stability of 5 was found to be in between that of 4 and 1, whereas computationally a slight deviation was observed, i.e. 5 is less stable than 1 (Table 3 , entry 3). This deviation might be due to solvation effects and the calculation of the toluene isothiocyanate starting material. In fact, a strong influence of the basis set and functional was observed on the C-N-C bond angle of ptolylNCS and DFT calculations were shown to have problems to correctly account for a correct C-N-C angle.
[20] Nonetheless, with the relative free energies in hand, the origins of the differences in stability and structures of compounds 1-5 were investigated. Based on a thermodynamic cycle (Scheme 5), it was shown that the overall stability is mainly governed by two factors. The formation of the products can be divided into three hypothetical distinct steps (steps A, B and C, Scheme 5). First, TBD is deprotonated to yield the TBD(-H) anion. The Gibbs-free energy associated with this first step does not depend on the nature of the cumulene (-14.7 kcal.mol -1 , Table 4 ). The so-formed TBD(-H) anion can then react in step B with the different heterocumulenes X=C=Y to form the TBD(-H)XCY adduct anion. The exergonicity of this reaction (ΔG1) depends on the Lewis acidic character of the cumulene and is thus a measure for their relative Lewis acidity. Re-protonation in step C then provides the final product. Interestingly, step C depends on the capability of the TBD(-H)XCY anion to stabilize a proton and the most basic site in the anion will govern the geometry and structure of the final product. As step A is identical for all the cumulenes, the overall Gibbs free energy (ΔG) depends solely on steps B and C. Consequently, the Lewis acidity of the cumulenes alone is not a good descriptor of the relative stability of the final products. As shown in Table 4 (ΔG1), CS2 is the strongest Lewis acid (ΔG1 = -28.4 kcal.mol -1 , entry 3), followed by the thioisocyanate (-23.6 kcal.mol -1 , entry 4), the isocyanate (-21.2 kcal.mol -1 , entry 1), CO2 (-20.9 kcal.mol -1 , entry 2) and finally the carbodiimide (-5.7 kcal.mol -1 , entry 5). On the other hand, the TBD(-H)XCY anion of the latter is by far the strongest base (ΔG2 = 14.6 kcal.mol -1 ), followed by the corresponding anion of 4 (22.5 kcal.mol -1 ). In CO2 adduct 1 (27.3 kcal.mol -1 ) and isothiocyanate adduct 5 (32.1 kcal.mol -1 ) the acidic proton is only weakly stabilized. Finally, the basicity of the TBD(-H)CS2 anion is weaker than that of free TBD and 2 forms a dithiocarbamate salt (36.9 kcal.mol -1 ). The strongest Lewis acid (CS2) therefore does not form the most stable adduct. It is noteworthy that the relative stability of adducts 1-5 is governed by both Lewis acidity of the heterocumulene XCY the Brønsted basicity of the TBD(-H)XCY anion ( Figure 6 ). Figure 6 highlights the unique characteristics of the carbodiimide adduct 3: the anion of 3 is by far the strongest Brønsted base of the series while carbodiimide iPrN=C=NiPr is the weakest Lewis acid. Finally, the structural differences between the three types of products (insertion vs addition vs deprotonation) are mainly controlled by the basicity of the TBD(-H)XCY anion. The carbodiimide-and the isocyanate-based anions exhibit the greatest Brønsted basicity and protonation occurs on the nitrogen atom of the heterocumulene to yield the insertion products 3 and 4. In anions TBD(-H)CO2 and TBD(-H)(ptolylNCS), the nitrogen atom of the TBD backbone is the protonation site, thereby leading to the formation of addition products 1 and 5, respectively. These considerations also help understand why the strongest Lewis acid (CS2) does not form a stable adduct similar to CO2 adduct 1. Indeed, the putative TBD-CS2 adduct 2' presents a low pKa of 25.0 vs 28.0 for 1 and 25.5 for 2 (Scheme 6). As comparison, free TBD has a pKa-value of 31.2, where a difference in pKa of one unit corresponds approximately to a difference in Gibbs free energy of 0.6 kcal.mol -1 at 298 K. Protonation of the TBD(-H)CS2 anion therefore occurs on the free TBD to afford the observed dithiocarbamate salt [TBDH] [TBD(-H)CS2] (2). 
Conclusions
The guanidine TBD reacted with the heterocumulenes CO2, CS2, iPr2NCNiPr2, ptolylNCO and ptolylNCS to afford three types of products resulting either from (i) the addition of the cumulene to TBD (providing zwitterionic compounds TBD-CO2 1 and TBDptolylNCS 5), (ii) the formal insertion of the cumulene into the N-H bond of TBD (giving TBD(-H)({iPrNH}-C=N{iPr}) 3 and TBD(-H)(ptolylNHCO) 4), or (iii) the formation of a guanidium salt by deprotonation of the corresponding adduct by a free TBD molecule
([TBDH][TBD(-H)CS2] 2). Competition reactions indicated that the order of stability of the compounds is: TBD(-H)(ptolylNHCO) (4) > TBD-ptolylNCS (5) > TBD-CO2 (1) > [TBDH][TBD(-H)CS2] (2) > TBD(-H)({iPrNH}-C=N{iPr}) (3).
These results were rationalized by DFT calculations, which showed that the relative stabilities of the products are governed by both the Lewis acidity of the heterocumulene and the Brønsted basicity of the TBD(-H)-cumulene anion. Their distinct structures are determined by the basicity of the TBD(-H)-cumulene anion, in which the most basic site governs the geometry of the final product.
Experimental Section
General Procedure. All reactions were carried out under argon with the rigorous exclusion of air and water (< 5 ppm oxygen or water) using standard Schlenk-vessel and vacuum line techniques or in a glove box. Solvents were thoroughly dried by standard methods and distilled immediately before use. The commercial reagents (Fluka, Aldrich) N,N'-diisopropylcarbodiimide, isocyanates RNCO (R = Et, Cy, ptolyl, pCF3C6H5) and isothiocyanates RNCS (R = Et, Cy, ptolyl) have been used as received. TBD-CO2 (1) ). The synthesis and characterization of the TBD-CO2 adduct were described in the preliminary communication and are recalled in part here for convenience. A flask containing TBD (60.5 mg, 0.43 mmol) in THF (0.5 mL) was freezed in liquid nitrogen, degassed under vacuum and filled with CO2 (1 atm). The white powder of TBD-CO2 was immediately deposited at 20 °C; the solvent was discarded by decantation and the product was dried under vacuum (78 mg, 0.42 mmol, 98%). Anal. Calcd. for C8H13N3O2: C, 52.45; H, 7.15; N, 22.93. Found: C, 51.93; H, 7.27; N, 22.71 . 1 H NMR (THF-d8 under 1 atm CO2): δH 12.0 (br s, 1H, NH), 3.30 (t, J = 6.0 Hz, 4H, CH2), 3.18 (t, J = 6.0 Hz, 4H, CH2), 1.82 (q, J = 6.1 Hz, 4H, CH2). 1 H NMR (THF-d8 under argon): δH 8.02 (br s, 1H, NH), 3.17 (t, J = 6.0 Hz, 4H, CH2), 3.03 (t, J = 6.0 Hz, 4H, CH2), 1.76 (q, J = 6.1 Hz, 4H, CH2). 13 (2)). Carbon disulfide (60 μL, 1.00 mmol) was added dropwise to a solution of TBD (139 mg, 1.00 mmol) in THF (5 mL). After 1 h at 20 °C, the solvent was slowly evaporated leading to the formation of translucent light yellow crystals (170 mg, 96 %). Anal. Calcd. for C15 H26 N6 S2: C, 50.81; H, 7.39; N, 23.70. Found: C, 51.73; H, 7.57; N, 22.71 1, 48.8, 48.6, 47.9, 43.2, 39.0, 25.1, 22.4, 22.0 (CH2) . The signal of CS2 was not visible.
Synthesis of (Z)-N,N'-diisopropyl-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-a]pyrimidine-1-carboximidamide (TBD(-H)({iPrNH}-C=N{iPr}) (3)).
In a slightly modified version of a procedure described elsewhere, [14] N,N'-diisopropylcarbodiimide (156 μL, 1.0 mmol) was added to TBD (139 mg,1.00 mmol). The homogeneous reaction mixture slowly solidified for giving after 2 d colourless crystals in quantitative yield. Anal. Calcd. for C14H27N5: C, 63.36; H, 10.25; N, 26.39. Found: C, 61.36; H, 10.17; N, 26.13 N-(ptolyl)-2,3,4,6,7,8-hexahydro-1H-pyrimido[1,2-a]pyrimidine-1-carboxamide (TBD(-H)(ptolylNHCO) (4) ). ptolylNCO (120 μL, 0.95 mmol) was added dropwise to a solution of TBD (132 mg, 0.95 mmol) in THF (6 mL). After stirring for 1 h at 20 °C, the solution was evaporated to dryness for giving an off-white powder of the product in quantitative yield. Colorless crystals were obtained by crystallization from benzene. Anal. Calcd. for C15H20N4O: C, 66.15; H, 7.40; N, 20.57. Found: C, 65.79; H, 7.34; N, 20.07 (5)). A solution of ptolylNCS (134 mg, 0.90 mmol) in THF (3 ml) was added to a solution of TBD (125 mg, 0.90 mmol) in THF (6 mL). under stiring. After stirring for 1 h at 20 °C, the solution was evaporated to dryness for giving an off-white powder of the product in quantitative yield. Colorless crystals were obtained by crystallization from benzene. Anal. Calcd. for C15H20N4S: C, 62.47; H, 6.99; N, 19.42; S, 11.12. Found: C, 62.00; H, 6.80; N, 18.48; S, 10.83 . (b) An NMR tube was charged with 2 (13.0 mg, 0.073 mmol) or 3 (14.0 mg, 0.052 mmol) in THF-d8 (0.5 mL) and filled with CO2 (1 atm., ca conversion of 2 or 3 into 1.
Synthesis of
(c) An NMR tube was charged with 5 (11.5 mg, 0.040 mmol) in THFd8 (0.5 mL) and filled with CO2 (1 atm., ca 1 equiv.). After 4 h at 20 °C, the 1 H NMR spectrum showed the presence of 1 and 5 in the molar ratio of 1:2. The same mixture was obtained from 1 (10.2 mg, 0.055 mmol) and ptolylNCS (3.7 mg, 0.055 mmol) in THF-d8 (0.5 mL).
(d) An NMR tube was charged with 1 (11.0 mg, 0.059 mmol) and ptolylNCO (7.5 mL, 0.059 mmol) in THF-d8 (0.5 mL). After 2 h at 20 °C, the 1 H NMR spectra showed the complete conversion of 1 into 4. No reaction was observed when an NMR tube containing 4 (10.1 mg, 0.037 mmol) in THF-d8 (0.5 mL) was filled with CO2 (1 atm., ca 1 equiv.).
Computational Details. The PBE0 functional was used together with basis set 6-31+G(d) for all atoms and Grimme's GD3 correction. [21] All structures were optimized in the gas phase without geometrical constraints, and all stationary points were characterized as minima by frequency calculations. [22] Solvent effects (THF) were taken into account using single point PCM calculations and adding the solvation correction to the gas phase Gibbs free energy terms. The pKa-values were calculated with respect to the furan anion as reference base (experimental value of 35) according to the formula: ; ΔG in kcal . mol -1 and T in K. [23] 
